Atypical BSE is an invariably fatal neurologic disease of cattle caused by misfolded prion proteins with different conformations than those associated with classical BSE. Evidence suggests that these atypical BSE types are sporadic or genetic prion diseases of cattle and the relevance of these diseases, as far as natural transmissibility, is still unknown. Different misfolded prion protein conformations also result in unique biochemical characteristics. This raised concerns about detection of atypical BSE on rapid test platforms designed and validated for classical BSE prions. Despite the differences in the misfolded prion protein characteristics, studies have shown that the tests also work well for detecting the known types of atypical BSE. A new question that has recently emerged is related to the possibility of additional forms of atypical BSE. Initially reactive bovine brain samples on certain rapid surveillance tests have sparked debate about the true BSE status of these samples. Work is currently underway to determine if these samples are infectious and if they eventually result in neurologic disease in cattle. Results of these studies could impact future BSE diagnostic testing programs as well as human and animal health policies.
Atypical BSE
Bovine spongiform encephalopathy (BSE) is a prion disease of cattle that is invariably fatal and zoonotic. Three type of BSE have been detected in a number of countries around the world. Classical BSE is the most common types of BSE and the cause of the BSE epidemic in the United Kingdom 1) . In 2004, two additional types of BSE were identified mostly in older animals 2, 3) and were named according to the electrophoretic migration of their protease resistant prion protein or PrP RES . High or H type BSE PrP RES is slightly larger, migrates slower and is detected in a position higher than classical BSE, while low or L type BSE PrP RES is smaller, migrates faster and is detected in a lower position than classical BSE during electrophoresis. Along with these differences in size, H and L type atypical BSE also have different biochemical and transmission characteristics, PrP RES distribution and pose different challenges for detection and diagnosis.
Origin of Atypical BSE
It is well established that classical BSE is transmitted into cattle via contaminated feed or experimental exposure. In the United Kingdom and other countries with a classical BSE, infection can be traced back to the use of BSE contaminated feed supplements 4) . This is, in contrast, not the case with atypical BSE. Most atypical BSE cases have been detected in older cattle and cannot be linked to a common infectious source 5) . This has led to the concept, that atypical BSE may be a sporadic disease in cattle, resulting when the protein folding/misfolding homeostasis can no longer be maintained by protein quality control mechanisms 6, 7) . The sporadic nature of atypical BSE may also be supported by the fact that the incidence rate has not been affected by the implementation of policies to eliminate the transmission source of classical BSE 5) .
More recently, results suggest that atypical BSE can convert to classical BSE when passaged through experimental animals 8, 9) . If this is possible in mice, it is plausible that this could happen in domestic livestock as well. Rendered material of a cow with a sporadic protein misfolding disease fed into sheep could have been the starting point of the classical BSE epidemic-when fed back into cattle. Dr. Stefanie Czub at the National BSE Reference Laboratory in Alberta, Canada is testing this theory in a current study. Sheep have been challenged with L and H type atypical BSE; and the research group is awaiting clinical disease to characterize the biochemical and molecular properties and to type the disease (personal communication, Dr. S. Czub).
Despite genetic causes having been ruled out in most BSE cases, one potentially causative genetic polymorphism has been detected in the prion gene of an H type atypical BSE case in the United States 10) . In this animal an amino acid change from glutamic acid to lysine at position 211 of the prion protein (E211 K) was detected. This same mutation has also been identified in humans with an inherited form of Creutzfeldt-Jakob disease 11) . To date this is the only documented case of a bovine prion disease with a genetic mutation in the prion protein open reading frame. Recently, cattle carrying the E211 K mutation and wildtype cattle were challenged intra-cranially with classical BSE or H type BSE from the original E211 K H type BSE animal. E211 K cattle challenged with E211 K H type BSE homogenate had a much shorter incubation time than wildtype cattle challenged with the same inoculum, but an E211 K animal challenged with classical BSE had the same incubation period as a wildtype animal 12) . The same research group is monitoring a number of unchallenged E211 K animals to determine if inherited atypical BSE will develop. With the increased accessibility to whole genome sequencing, it would be beneficial to explore the genomes of atypical BSE animals to determine if other genetic factors may contribute to the diseases.
Biochemical Characteristics of PrP SC
Disease associated prion proteins or PrP SC acquire properties resulting in a unique, degradation resistant pathogen 13) . When an animal or human becomes infected with a prion, the cellular prion protein or PrP C undergoes a change in its secondary structure. The once primarily alpha helical, normal functioning protein is refolded into a more beta sheet rich protein 14) . This change makes the protein resistant to degradation, prone to aggregation and the misfolded protein is believed to be the infectious agent responsible for prion disease transmission. PrP SC is believed to act on PrP C inducing more misfolding into PrP SC . As this process progresses in the central nervous system, PrP SC aggregates and synaptic dysfunction and neurodegeneration occurs. The cause of neurodegeneration is still not conclusively deciphered, but it has been demonstrated that the presence of PrP C and its conversion to PrP SC is necessary for neurodegeneration 15) .
In BSE, the misfolded prion protein can take on one of three misfolded conformations, namely C, H or L type BSE. Classical or C type BSE is used as the standard to evaluate the atypical types. C type BSE prions are extremely resistant to degradation by protease digestion, even under stringent conditions. In contrast, H and L type atypical BSE prions are less resistant and can be degraded by stringent proteinase K digestion 16) .
The protease resistant portion of the BSE associated prion protein, also known as PrP RES , separates into three glycoforms when run on a SDS-polyacrylamide gel. Each glycoform has a characteristic molecular weight and quantity depending on the type of BSE, and glyco-form ratios and molecular weights are used to type BSE. Classical BSE has a glycoform ratio of 60% di-glycosylated, 28% mono-glycosylated and 12% unglycosylated with bands at 28, 22 and 18 kDa, respectively 17, 18) . H type BSE di-glycosylated proteins are detected at 30 kDa followed by the mono-glycosylated at 24 kDa and unglycosylated at 20 kDa 3, 18) . The glycoform ratios for H type BSE are very similar to classical BSE when using core antibodies for western blot detection. L type BSE has a ratio of 45% di-glycosylated, 35% mono-glycosylated and 20% unglycosylated with molecular weights of 27, 21 and 17 kDa, respectively 2, 18) . Typing methods based on molecular and biochemical characteristics and combining several of these characteristics produce reliable results 19) .
BSE surveillance is largely based on rapid test platforms which detect the partially protease resistant prion protein, PrP SC . While this approach worked well for classical BSE, difference in the biochemical properties of PrP SC in atypical BSE initially raised concerns. Perhaps the protease digestion conditions optimized for classical BSE would be too aggressive for atypical BSE and result in false negative results or in a decreased sensitivity for the atypical BSE types. Recent studies have shown that the commonly used rapid BSE tests perform well with atypical BSE and that all tests meet the European Food Safety Authority required sensitivity criteria 20, 21) .
Atypical BSE Transmission
Different prion disease types have different intra-and inter-species transmissibility. These characteristic are useful to define and identify unique strains and to determine the risk of infection. Classical BSE is efficiently transmitted to 50% of animals challenged orally with as little as 0.15 g of high titre BSE brain (95% confidence interval) 22) . Oral challenges with classical BSE have also been successful to transmit disease to other species including cynamologous macaques 23, 24) , sheep and goats 25, 26) . Proof of oral transmissibility of classical BSE has resulted in ruminant to ruminant feed bans and specified risk material removal to prevent intra-and interspecies transmission by consumption of contaminated food or feed. Specified risk materials are tissues or regions in an infected animal containing high levels of PrP SC and/or infectivity. In classical BSE, infectivity is the highest in the Peyer's patches of the distal ileum, the retina and the central nervous system 27) .
Despite the fact that atypical BSE involves a similar misfolding of the same protein as classical BSE, the pathogenic characteristics are quite different. While intra-species transmission of atypical BSE has been successfully achieved via the intra-cranial route 28) , evidence to support successful oral transmission is lacking. In an ongoing experiment at the CFIA Lethbridge Laboratory, cattle were orally challenged with 100 g of strong positive classical, H or L type atypical BSE brain, respectively. While all C type BSE animals developed clinical disease and were euthanized, most atypical BSE challenged animals are clinically normal at 6 years post exposure. If atypical BSE does transmit with a longer incubation, it would contradict the observations in the intracranial challenge. Cattle challenged intra-cranially with atypical BSE have a documented incubation time of 14-21 months [29] [30] [31] . Intracranial challenge of cattle with classical BSE results in significantly longer incubation with clinical disease starting around 24 months 12) .
New Atypical BSE Strains?
With three BSE types already identified and relatively well characterized, the potential of additional types of BSE cannot be excluded. As in atypical BSE, new types could have different characteristics and pose different risks to the health of animals and humans. Several countries have reported low level reactivity in samples submitted for BSE surveillance [32] [33] [34] . There is suggestion that these cases represent a yet to be identified prion disease of cattle 32) , but also proposed alternative explanations 33) . To definitively determine if these animals are infected with a prion disease that is transmissible, brain homogenates were intra-cranially inoculated into transgenic mice and cattle. These bioassays have concluded and results are to be published soon (Dr. T. Seuberlich, personal communication). In addition, the identification of a different prion strain after several passages of H type BSE in bovine transgenic mice was recently reported 35) . Comparable to scrapie, this presents the possible co-existence of strains; the relevance of this finding in a natural setting is yet to be determined.
Conclusion
The discovery of atypical BSE resulted in new questions and challenges for the scientific, risk assessment and regulatory communities. There are many efforts from scientists all over the world to generate knowledge on atypical BSE to minimize the risks to human and animal health, but the potential threat of new types of BSE necessitates continued research and surveillance testing. By maintaining these programs the expertise, knowledge and skills required to effectively and efficiently deal with the emergence of a new types of BSE will be available should they be needed.
